Studies were conducted to evaluate the efficiency of cationic polymers as a suitable replacement of metal salts for the treatment of a local tannery wastewater. Eleven cationic polymers of varying molecular weights (MW) and charge densities (CD) were examined using jar test apparatus. Three cationic polymers: one with MW of 4 million Dalton and CD of 55%; second with MW of 6 million Dalton and CD of 40%; and the third with MW of 8 million Dalton and CD of 40% were found suitable for tannery wastewater treatment at an optimum dose of 20 mg/L for each. Percentage removals with these three cationic polymers for turbidity, total suspended solids (TSS), total chemical oxygen demand (TCOD) and chromium lied in a range of 91-95%, 69-83%, 25-29% and 96-97%, respectively with respect to plain settled wastewater. The cost of the most suitable cationic polymer C-496 at its optimum dose was $0.09 per cubic metre of wastewater and sludge production was 35 mL/L. The results demonstrated that treatment of tannery wastewater with cationic polymers is a viable and economical option when compared with metal salts.
INTRODUCTION
Wastewater treatment, to a large extent, is a matter of particle separation. A majority of pollutants in wastewater either exist as particulates, e.g. total suspended solids (TSS) and particulate BOD and COD, or are incorporated into or adsorbed onto particulates like phosphorus, heavy metals, organic micropollutants and pathogens (Odegaard 1989; Levine et al. 1991; Odegaard 1992; Nieuwenhuijzen et al. 2000) . This fact has led to a wastewater treatment strategy of thoroughly removing the particles in the first step, for instance by coagulation, and thereafter, if necessary, using biological treatment to remove soluble biodegradable compounds. This approach not only reduces the load on the subsequent biological unit but also reduces its size and cost (Odegaard & Karlsson 1994; Shao et al. 1996) . In addition, it significantly improves the biological treatability of the wastewater (Orhon et al. 1998) .
Tannery wastewater is highly polluted in terms of organic, solids, and chromium contents. A major portion of these pollutants is in particulate form and hence coagulationflocculation-sedimentation may the most appropriate first step (Haydar & Aziz 2008) . The strategy that uses the above treatment steps is normally referred as chemically enhanced primary treatment (CEPT) . A number of studies have been conducted on CEPT of tannery wastewater using metal salts like alum and ferric chloride (Ignacio et al. 1995; Song et al. 2004; Haydar & Aziz in press) . Good removal efficiencies for various pollutants such as TSS, COD and chromium were achieved. However, it was accompanied with large sludge volumes. Metal salts produce sludge which is normally porous, incompact and difficult to dewater with high moisture contents in a range of 99-99.7% (Zhao & Bache 2002) .
Studies using combination of metal salts and anionic polymers for CEPT of tannery wastewater also exhibited good removal efficiencies for various pollutants (Tunay et al. It gives less sludge volumes. Bigger and compact flocs are achieved with greater settling rates, allowing use of higher surface overflow rates for primary settling tanks (Gregory 1985; Odegaard et al. 1992; Wong et al. 2006; Zeng et al. 2007) . Sludge produced is also low in moisture contents with good dewaterability (Aiyuk et al. 2004) . Floc strength is quite high and can be ascribed to the strong bonds of polymer chains due to bridging (Li et al. 2006) . However, administering two chemicals i.e. metal salt and anionic polymer is operationally cumbersome.
Use of cationic polymers as a complete replacement of metal salts or their combination with anionic polymers has recently been studied for the treatment of industrial wastewaters. Ebeling et al. (2005) studied the treatment of aquaculture effluent and recommended cationic polymer of low molecular weight with very high degree of charge density. Wong et al. (2006) successfully treated pulp and paper wastewater and proposed cationic polymer of very high molecular weight with low charge density. In fact, the type of polymer to be used is waste specific (O'Melia 1972; Kawamura 1976; Yu 2000; Ebeling et al. 2005; Wong et al. 2006) . Therefore, experimentation is always involved in selecting a suitable polymer. So far no worker has examined the efficacy of cationic polymers as a replacement of metal salts or their combination with anionic polymers for the treatment of tannery wastewater. Therefore, this study was undertaken with the objective to evaluate the performance of cationic polymers for the removal of various pollutants from tannery wastewater.
MATERIALS AND METHODS

Sampling
Wastewater samples were collected from Saddiq Leather Works (SLW) situated in Sheikhupura, Pakistan. It is a large size tannery processing 18,000 kg of raw hides per day and producing finished leather for garments and shoes. The tannery is equipped with a primary treatment plant consisting of screens, equalization basin, primary sedimentation tank, decanter for sludge and sludge drying beds.
Average wastewater flow from the tannery is 1,150 m 3 /day, which discharges into a local river.
Wastewater samples were collected from the equalization basin having an average detention time of 8.5 hours. It was equipped with dome type aerators at the bottom for the purpose of homogenization and mixing. Various quality parameter of SLW wastewater were determined according to procedures laid down in the Standard Methods (1998) and are summarized in Table 1 .
Polymers tested
Cationic polymers samples were arranged from Cytec Industries Inc., United Kingdom. Table 2 lists the individual polymer name, physical form, molecular weight (MW), charge density (CD), backbone chemistry and price per kg including transportation charges. All these polymers were linear polyacrylamide with methyl acrylate copolymer for cationic group. As can be seen in the table that the polymers were available in three different MWs i.e. 4, 6 and 8 million Dalton (mD) with varying CDs ranging from 10 to 55%. It can be observed from the table that the price of polymers depended upon its CD irrespective of the MW e.g. price per kg for MW 4, 6 and 8 mD is $ 4.69 for a CD of 20%.
Preparation of polymer stock solutions
The normal solution preparation for dry polymer is 0.1 -0.25%, both in the laboratory and actual site application.
Stock solutions of higher strengths are difficult to prepare and administer due to very high viscosity. During mixing of polymer in water, individual particle wetting is necessary.
This avoids particle clumping. In cold climates, warm water speeds up the rate of dissolution. However, water temperature should not exceed 488C. Shelf life of 0.1% and 0.25% stock solution is 1 day and 2 days, respectively. Deionized water extends the shelf life of stock solutions while water with high hardness, alkalinity and conductivity will shorten the shelf life. In this study distilled water was used to prepare polymer stock solutions.
Jar test methodology
A standard jar test apparatus, the Phips and Birds Six-Paddle Stirrer with a programmable unit and illuminated base was employed for the test. Jars used were square in shape with 2 litre capacity. The jars were provided with a sampling port, 10 cm below the water line, which allows for sampling of treated effluent with minimum impact on the test. The six flat paddles were all driven by a single variable speed motor from 0 to 300 rpm. An illuminated base helps observation of floc formation.
In this study, standardized mixing speeds and durations were used which are reported in the literature Adin et al. 1998; Yu 2000) .
For each jar test, following procedure was followed.
Each jar was filled with 2 litres of tannery wastewater.
The wastewater was rapidly mixed at 300 rpm for a period of one minute. Polymer stock solution was added at the start of rapid mix. A wooden stand with six test tubes having the required polymer dose was used to simultaneously administer the doses to all the jars (ASTM 2004). Rapid mix was followed by tapered flocculation at 60 rpm for 5 minutes, 40 rpm for 5 minutes and 20 rpm for 10 minutes.
Afterwards, a settling time of 30 minutes was given before drawing the sample. Jar tests were performed in the following two series.
Series 1
Series 1 consisted of preliminary jar tests. The objective was to screen out the most suitable polymers from the list shown in This clearly demonstrates that not only the CD but MW also affect the removal. Therefore, it can be concluded that removal efficiency also increased with MW for the same CD.
It is due to the fact that as MW increases, the chain length increases and tendency of bridge formation becomes better and hence the removals are better (Gregory 1985) .
The Similarly, percentage removal of TCOD for the three polymer was 29, 29 and 25%, respectively and effluent TCOD was 1,100, 1,200 and 1,120 mg/L, respectively. For chromium, the percentage removal for the three polymer was 97% each and effluent chromium was 0.4, 0.3 and 0.3 mg/L, respectively.
The liquid effluent standards relating to the measured parameter as enforced in Pakistan have been shown in Table 3 .
It is evident from Table 3 that the tannery wastewater after treatment with any of the three suitable polymers at its optimum dose can meet the effluent standards for TSS and chromium while TCOD was still high and required secondary treatment to qualify the effluent standards.
The wastewater used for all the jar tests in series 1 and 2 was plain settled for 30 minutes before conducting the jar tests. Percentage removals, referred above, for turbidity, TSS, TCOD and chromium were evaluated with respect to plain settled wastewater. Since raw wastewater was also characterized, therefore, it would be interesting to compare the results of raw, plain settled and chemically treated wastewater. This comparison for the three suitable polymers has been made in 
Sludge production with cationic polymers
Additional sludge volumes result with CEPT as compared to plain sedimentation due to two reasons. Firstly, additional sludge is formed due to enhanced removal of suspended and colloidal particles when compared with plain sedimentation. Secondly, a portion of additional sludge volume is This additional sludge volume produced in CEPT over that which is produced in plain sedimentation is referred here as CEPT sludge. In this study CEPT sludge was measured using the volumetric graduations on the jars.
CEPT sludge for the same tannery wastewater was evaluated by using alum (Haydar 2008) and is compared with CEPT sludge volume with cationic polymer C-496 in 
Cost of chemicals for CEPT
The optimum doses of alum alone for the CEPT of the tannery wastewater has been reported by Haydar & Aziz (2008) which is 240 mg/L as Al 2 (SO 4 ) 3 . When this dose is 
